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1 NIRCDUCTION

This final report describes tle results of an zralvsis of solar-
thermionic sisteas periorued onoer JrL Jonerccet YL00)Y durin. the
perio ! 2 september 1Y04 turou.n U Jaruar, Ls65.

he text is oivided iato Lo parts; the ilist part, Volme I, &
is a summary or analysis results und recormendatious. Volme II
contains the deteiled anczlisis oni is divided according to tecnnical
arcas.

The principle objectives of tle pro,ram were to accorplisl.:

1) A summarization of the preseat status of priuciple
components ot a solar-iherwaonic systams; concentruaior,
seunerator, and tlermionic couverter.

2) An analysis and optimization of the control and ancillary
components needed as a function of typical mission require-
ments, anticipated load protile and desired overall system
efticiency.

3) A prediction ol systen performance based on the evaluation
of componcnts and component paraneters.

4) Recormendations ror future cowpoient lesigcn.

5) An outline of remaining Jlevelopunent s'eps recessary to

bring thesc compouents to flight status.

2. SYSTEM OPERATIORN

Figure 1 illustrates the coaponents and subsvstens which must
be considere! in the desi_n ol a practical solur-thernionic system.
Also shown are the ma_or sources ob energy loss in tie siystew, and
an overall equation which descrites sysiem efticiency.  Instrueen-
tation will oe provided in mauy plices but i1s noi sbown specitically

in Fig. 1.

LiZn= Vol I 1
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More details concerning the scope of the study and ground

rules of the analysis are contained in Section 1, Volume IIL.

As a result of the systems analysis study, a series of.

programs has been recommended by EOS as being of primary impgrtance
in the Jevelopment of high etfficiency, reliable solar-thermibiic
systems. Twenty-eight programs are discussed in Section 11, -~

Volume II.

3. SYSTEM WEIGHT

Table I is a summary of system component weights as they apply
to different power levels and selected missiouns. These weights
resulted from analysis perforuned under the stuly program and are

given here as being representative o! the system weipht that can

be achieved by prototypes in lY66-67. .eight and efficiency

numbers“are based on reasonable projections of the state-of-the-art AT g
as described in Volume II. As a rule of thumb, for the same power B
output, the specific weight of the system at Mars (50 w/ftz) will
be about twice that of the system at Earth, while the specific
' weight of the system at Venus (250 w/[tz) will be about 2/3 the
system weight at Earth. Due primarily to lower gencrator effi-
l ciences, a system using 1965 state-oi-tle-art components would
weigh roughly 2.5 times the 1968 system. System weight may drop'
by 10 to 20 percent from 1968 to 1970.

4, SOLAR CONCENTRATOR

Projected concentrator characteristics are illustrated in
Fig.2 which shows tlie lbs/sq ft and projected efficiency character-
istics of solar concentrators. In the 1968-70 period, specific
weights of 0.5 lb/ft2 for nickel concentrators and 0.3 to 0.4 lb/ft2
for aluminum and beryllium concentrators are believed possible.

Principle problem areas in concentrator development are:

.

1} Development and test of a highly specular reflective

surface and demonstration that it will withstand the space

. environment.

4326 - Vol. I 3




TABLE Ia

ESTIMATED SYSTEM PERFORMANCE PARAMLTERS (1965)

Mission 1000 n. mi. Sun Synchronous Earth Satellite
Percentage of Light 100 percent
Distance from Sun 1 AU
Solar Intensity (w/it") 130
Concentrator Diameter (it) 4 5 6 7 8 9-1/2
Efficiency (percent)
Collector-Absorbert Efficiency| 34 57 59 61 62.5 63.5
Generator Obscuratior and IR 95 96 J6.3 96.5 96.8 97
BEfficiency ;
GCenerator Elticielcy 12 12 12 12 12 12
Power Counditioning Eificiency 70 74 76 77 77 78
Control Etiricicney - - - - - -
System LEfficiency 4.1 4.9 5.2 5.4 5.6 9.0
Power Output (Jatts) 67 125 191 270 372 534
Weight (1b)
Concentrator 6.4 10 14.4 13.6 25.6 36.2
Generator Support 2.4 3 4 6 8 10
Generator 1.2 3.1 4.5 6.7 9 12.4,
Power Conditioning 10 12 14 14 19 22
Control \t. - - - - - -
System Wt. (1b) 20 28.1 36.5 48,3 61.6 8G.6
System Specific Wt. (1lb/KW) 298 225 191 175 166 153
System Power Density (w/ftz) 5.4 6.4 6.8 7.0 7.4 7.6

Assumptions:
1) Cavity Temperature of 1700°¢. 9
2) Concentrator specific Wt. = 0.5 lb/ft” assuming Ni concentrators.
3) The most simple system is assumed:
a) Steady-state conditions
b) No energy storage
¢) No Cs Res. or solar flux controls
4) Weight for auxiliary attachments to veliicle not included.
5. Weight tor instrumentation not included,
6) Performance is based on judgement ol pertlormance available from
protoltype components demonstrated as ot March 1965.

I~

4326 - Vol. 1
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TABLE Ib

ESTIMATED SYSTEM PERFORMANCE PARAMELERS (1968)

9a 1/2 g

Mission 1000 n. mi. JSun Syachronous Earth Orbiter

Percentage of Light 100 percent

Distance from Sun 1 AU

Solar Intensity (w/ft”) 130

Concentrator Diameter (tt) 4 5 6 7 8

Efficiency (Percent)
Collector-Absorber Efficiency | 54 57 59 61 6£2.5 63.5
Generator Obscuration and IR 95 96 96.3 96.5 96.8 97

Efficiency

Generator Efticiency 18 18 18 18 18 18
Power Conditioning Efficiency 76 77 77.8 78.5 79.2 80
Control Etfficiency - - - - - -
System Efficiency 7.0 7.6 7.9 8.3 8.6 8.8

Power Output (Watts) 114 194 291 415 551 11

Weight (1b)
Concentracor 5.1 8 11.5 15.7 20.5 29
Generator Support 1.2 1.5 2 3 4 5
Generator 1.5 2.8 4.0 5.2 7.1 10.4
Power Conditioning 6 8 11 14 16 21
Control Wt. - - - - - -
System Wt., (lb) 13.8 20.3 28.5 37.9 47.6 65.4
System Specific Wt. (lb/KW) 121 104.5 98 91.3 84.7 74.1
System Power Density (w/ftz) 9.9 10.0 10.1 10.3 10.5 10.8

Assumptions:

1) Cavity temperature of 1700°c.

2) Concentrator Specific Wt. = 0.4 lb/ft2

3) The most simple system is assumed:

a) Steady-state conditions

b) No energy storage

c) No Cs Res.or solar flux controls

4) weight for auxiliary attachments to vehicle not included.
5) Weight for instrumentation not included.

assuming Al concentrators.

6) Performance is based on reasonable judgement of performance available
in prototypes in 1966-67, system availability in 1968.

4326 - Vol. 1 5
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2) Optimization of weight characteristics through analysis
and test to determine limits on concentrator weight; also,
development of coucentrators with new materials.

3) Determination through analysis and test of the proper

support mechanisms.

A survey was made of availaile data regarding surface
degradation. It was not found possible to derive accurace estimates
of degradation but sufficient evidence is availubvle that indicates
a severe problem may exist Jdue to U.V. and wicrometeoroid
degradation.

Calculations were made to establish the efficiency of the
coucentrator-absorber under a variety oi conditions. Expression for
concentrator-absorber efficiency is shown in Fig., 2 as a function
of cavity temperature and distance from the sun. Reflection and
reradiation losses from the cavity are both significant with
reflection losses being predominant. Assumptions for mirror
efficiency are shown.

Because of reflection and reradiation losses, it was found that
the concentrator-absorber efficiency ( 2c-a) could be higher for
larger concentrators even though the surface deviations were greater.
The curves of Fig.2-dare somewhat pessimistic- at Mars and optimistic
at Venus since the change in the sun's imaie size was not considered.

A series ol recomnended programs tor concentrator development
are discussed in Section 11, Volume II of this report. These

programs are:
1) Evaluation of Mirror Coatings (by simulated space tests)
2) LEstablishment of Concentrator Coating Techniques

3) Dynamic Analysis and Test of 5-ft Concentrator Structures

4) Dynamic Analysis and Test of 9-1/2 ft Concentrator Structures

i . [0} .
5) Development of 9-1/2 ft, 50° to 60° Rim Angle Masters
6) Investigation and Environmental Test of Al, Be and other

Concentrators

4326-Vol. I 7




7) Development of Rear Surface Coatings for Concentrators
8) Investigation of Techniques for Stiitening Thim Mirror
Surfaces

9) Investigation of Torus Attachmnent Techniques

The two modes of failure of the concentrator of most concern
are degradation ot the mirror surtace during cruise and buckling of
the skin (for lightweight coucentrators) during launch. Either
failure can lead to partial or couwplete failure through decrease of
cavity temperature and loss of power. Methods of compensation in-
clude the use of increased concentrator area combined with a

solar flux control subsystem.

5. GENERATOR SUPPORT

Figure 3 illustrates several generator support concepts which
could be used in an operational system. The chojice of the number
of arms hinging and other methods of integrating the arms into Lhe

system will depend on:

1) Vibration characteristics of the structure
2) Packaging and deployment possibilities

3) Effect on system design

The design of the arms should represent an optimum tradeoff

between the following factors:

1) Obscuration of the concentrator

2) Power losses in the leads due to high resistance

3) Amount of heat conducted to the DC/DC converter at the
end of the arms

4) Ability to accurately place the generator without movement
due to thermal gradients

5) Minimum weight

6) Ability to hold instrumentation, leads, etc.

7) Elimination of magnetic field

4326-Vol. 1 8
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From a systems viewpoint, a serious problem is the conductivity
of heat down the relatively thick leads to the DC/DC converter.
Temperatures above 50°C at the DC/DC converter will result in lower
efficiencies and reliability.

Two sets of support arms, each for 5 ft concentrators, have
been assembled. The first was a 3J-legged aluminum frame structure
which unfolded into position. The second was a rigid 3-legged

structure using coaxial members shown in Fig. 3. The arms

shown in Fig. 3 are made of aluminum; the entire structure (including

concentrator) has been subjected to the Atlas-Agena D, Mariner Mars,

solar panel complete Type Approval level environmental tests. The

generator support arm structure has been subjected to Saturn IB Type

Approval acoustic noise (148DB) tests without tailure or damage.

The choice of materials was examined and it was found that
beryllium would provide the best support arms when all design
restrictions were considered. An example of system tradeolrs is
shown in Fig. 3 which shows!the effect of varying the diameter of
the support arms on system weight,

In all cases examined, optimum generator support weight was
found to be fairly light, ranging from 2.5 lbs for a 5 ft system
to 4.2 lbs for a 9-1/2 ft system. The length of the support arms
as a function of concentrator diameter is shown in Fig. 4.

The failure mode of concern is the ability to unfold the arms
reliably. This could lead to partial or complete tailure; compen-
sation could take the form of extra override mechanisms to insure
unfolding.

Recommended programs for generator support development are:

1) Design and Development of Unfolding Cenerator Support
Arms for a 5 ft System

2) Design and Development of Rigid Cenerator Supports for
a5 ft System

3) Optimization of the Generator Support Design

4326-Vol. I ' 10
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6. THERMIONIC CONVERTER

During the study, I-V, P-V and efficiency curves were derived
for converters operating at 15, 20 and 25 watts/cm2 at 0.7 volts
and emitter temperatures of 1500 to 1500°C. Typical curves are
shown in Fig., 5 ., The coaverters were assumed to be operating
in an excited mode.

As illustrated in Fig. 5-c, several different types of I-V
curves can be derived depending on power input coanditions. Aluost
all the converter I-V curves wmeasured in the laboratory maintained
conditions of constant emitter temperatures and "optimized" reser-
voir and radiator tewmperatures. This type of curve, while useful
as an indication of potential performance, cannot be used in systems
analvsis where constant power input is the governing condition in
converter operation.

If a converter is designed for 1700°C enmitter temperature at
a specific voltage, operation at other voltage levels with constant
power input will vary the temperatures within the converter. iligher
currents and lower volta;e results in higher secl and collector
temperatures. Lower currents and higher voltage results in higher
emitter temperature and lower collector and seal temperature. Until
adequate reliability data is gathered regarding the eftects of
varying the load, it is assumed that the optimum design condition
from a system viewpoint is to maintain the output of the converter
close to the design point.

Generally, the avoidance of rapid increases or decreases in
temperature is desirable. Also, laboratory tests indicate that
start-up will require load'adjustment to short-circuit conditions

along with a maximum input of solar enmergy to the generator.

4326-Vol. I 12
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Several converters are now available which have exhibited

power densities of 20 to 25 w/cm2 at 2000°K and 0.7 volts. It

. : . . o 2
is expected that prototype production diodes exhibiting 25 w/cm

will be available by 1966,

weights on the order of 0.5 1lb/diode

are expected. Principle problem areas are heat transfer through

the diode and obtaining low collector work functions.

The mechanisms of converter failure are not completely under-

stood. Several converters have been life-tested 5000 hrs at

. 2 .
levels of 10 w/cm” and several others have been cycled 2000 tires.

Converter failures can take the {orm of opens, shorts or partial

failure. Compensation can include extra DC/DC converters with

failure sensing and shunt mechanisus, and/or extra converters and

Lenerators,

Recomnended programs for future converter development are:

1) UHigh Power Density Diode Advanced lieat Transfer Program

2) High Power Density Material bevelopnent Program

3 Thermionic Converter and JCenerator Life-Testing Program
o =)

4) Acquisitioun of Diode Application Data

5) Investigation of Eifect of Lower Temperatures on

Converter Design

7. THERMIONIC GENLERATOR

The thermionic generator consists of the thermionic converters,

structure for Lolding the converters, cavity, power leads, tront

cone and shielding, instrumentation, attachments to the generator

support, and related iteus.

Flux controls and cesium reservoir

controls may also be attaciied. The power and etfficiency of a

5-converter generator test ed Ly JI'L in late 1964 is shown in Fig. 6-a.

Also shown is a curve of éxpected generator efficiency vs cavity

. \ . S o 2
temperature using a converter capable of 25 watts/em at 1700°¢.

The source of generator losses is indicated.

4326-Vol., 1
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Parts of the tradeoff in determining systems size and mirror
diameter involves a number of converters which will be used in a
single generator. The number as a function of power output from
the generator is indicated in Fig. 6

Generator cfficiency does not include the reradiation losses
from the cavity. Cavity design is an essential feature, however,
of generator design. Reradiation and reflection losses from the
cavity can assume major consequences as dJdiscussed in Section 5;
reflection losses are more serious in gzeneral than reradiation.

Detailed studies of generator weight were not made. For
systems calculations, it was assumed that each converter would
weigh 0.5 lbs with an additional 30 percent for generator structure.

Considerably more effort is required to determine the optimum
tradeoffs between generator performance at higher emitter tempera-
tures and the penalty in reliability for operating at non-wlesign
point loads.

Recommended programs for generator development are:

1) High Power Multi-converter Design Study

2) Cavity Desiyn and Development

8. LUSTRUMENTATION

An examination was made of the types of instrumentation
required Lor operation of the solar-thermionic system and the
types of sensors which would be applicable.

Figure 7 illustrates those instruments which are needed for
control of the syséem and which are useful for monitoring per-
formance and/or variation of operational conditions by ground
cormand ,

Techniques for measurement are available for all vital
functions with the exception of emitter temperatures. Long term
stability of thermocouples or resistance elements at emitter
temperatures is poor. Passive methods are possible to indicate

when temperature levels are passed; these include bi-metallic

4326-Vol, 1 16
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elements, melting solids, etc. DNone of these methods is sufficiently

accurate for control purposes. llowever, it should be possible to
extrapolate emitter temperatures from current and voltage measure-
ments of the converter.

Sensing of high current is easily accomplished by a small
saturated core circuit. The coil is wound around the DC lead and
the current level is sensed by modulation of the coil. Such current
sensors will weigh a few ounces and can operate in a relatively
high temperature environment. Iowever, long term stability tests
are required.

To date, cesium reservoir and radiator teuperatures on converters
have been measured using thermocouples. It is recommended that
resistance elements be developed for use with the couverters and
eventual use on a flight system. The primary advantages of a
resistance element are linearity and lack of extensive backup cir-
cuitry. The disadvantage is cost and eftforts should be made to
develop a low cost unit.

A tradeoff will have to be made between.the amount of instru-
mentation desirable for monitoring. The weight and cabling problems
associated with a large number of instruments are further consi-

derations.

9. SOLAR FLUX CONTROL

Solar flux controls would be used for missions which present
non-equilibrium conditions to the solar-therwionic system such as
orbitai darkness, continually increasing or decreasing solar 1lux,
etc. For equilibrium conditions, solar ilux control is not
required,

For Earth orbital application, solar flux control could be used

for the following:

1) Closing off of the cavity entrance during darkness to
prevent radiation losses and to maintain higher

generator temperatures.

4326=Vol., 1 18




2) Regulation of solar input during start-up to minimize
temperature rise rales.
3) Regulation of solar input to account for degradation of

the councentrator.

Yone of the above functions are mandatory from a system viewpoint;
i.e., the system will tunction without solar flux contreol. [further-
more, the value of solar flux control for the above reasons is
doubtful. During darkness, the heat loss from the cavity is a
small portion of the heat loss from the rest of the generator. Ffor
start-up, laboratory experience indicates that high performance
converters will require a maximum of solar input at start-up in
or.ler to insure opening of the diode. If severe Jegradation of a
concentrator is expected, the usefulness of the entire solar-thermi-
onic system is in question. On this basis, the use of solar flux
control for Farth orbital applications is not recommended. This
conclusion might be changed with the introduction of thermal energy
storaye, or with further data on start-up of converter.

For missions which take the vehicle away from Earth, (planetary
and solar probes) solar flux control may be necessary to regulate
the input of the solar flux to the generator. Compensation with
variable loads or adjustments of cesium reservoir is not possible
with large solar intensity variations without considerable overheating
of the emitter or seals during one part of the mission. An exanin-
ation of thermionic converter design to date indicates that seal
and emitter temperatures could become extremely high and the
reliability of the device would be in question.

The use of load control as a means of compensation for variations
in solar flux should not-be discarded, lowever, but shoull! be con-
sidered in a separate converter development program with this

specific goal in mind.
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If some variation in power output can be tolerated, it appears

possible to use an entirely '"passive' systems; i.e., where regulation

of solar flux input to the cavity is obtained by the variation in
the focal image directed into a cavity with fixed entrance diameter.
Temperature and power poutput variations would occur in the cavity.
While the elimination of an "active" flux control is desirable, a
"passive'" flux coutrol implies a less etfficient svstem and a larger
councentrator.

It is recommcnded that prototypes of the solar flux control
mechanisms band electronics be assewbled. To date, neither has
been accomplished.

Several types of solar flux control mechanisms are illustrated
in Fig. 8 . Many types of actuators are available and several
types of control inputs can be used. A typical chart showing the

effectiveness of '"passive" solar flux control is shown in Fig. 9 .

10. CESIUM RESERVOIR CONTROL

The temperature of the cesium reservoir for each individual
converter can have a dramatic effect on converter performance. A
typical effect is illustrated in Fig. 10 which shows that within a
zone of about + IOOC, the output power variation is small from a
converter at typical operating temperatures.

Laboratory developments to date support the conclusion that
in an equilibrium condition, (such as sun synchronous orbiters or
solar probes) with no darkness or gross input variations, passive
cesium reservoir control can be used. Passive implies the use of

no active heater elements to maintain reservoir temperatures but

rather the use of conduction and radiation from the converter itself.

However, in a non-equilibrium control situation, (such as Earth
orbiters), the use of passive cesium reservoir control will result
in non-operative periods while the converters are warming up for
periods as long as twenty minutes. Thus, in orbital application,
active cesium reservoir control is required while in a probe

situation, passive cesium reservoir control will suffice.
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Temperature variations of 10°C can be obtained with heater
powers of less than one watt. The design of the reservoir would
be such that equilibrium temperatures would tend to be somewhat
lower than optimum in order to provide positive control.

An examination was made of various types of active control
circuits which combined reliable operation ard extremely low weight,
The circuit illustrated in Fig.l0 is recommended providing AC
power is available from the power system. The entire active cesium
reservoir control system for a typical five diode generator would
weigh about 12 ounces exclusive of leads from the electronics to
the generator.

The influence of active control on generator temperatures is
illustrated in Fig. 10 which shows a typical start-up sequence.

As shown, the radiator and reservoir, each starting at 100°C,
could consume almost twenty minutes arriving at close to optimum
temperatures. It is possible to cut this time in half or less
with the use oi active heaters. Normally the active heater would
not be turned on until the radiator had reached a minimum
tewmperature. With optimization of parameters, it is felt that

a generator can be started up from a cold equilibrium in approxi-
mately five minutes with each cesium reservoir heater consuning

approximately one to two watt hours.

11. POWER CONDITIONING AND CONTROL

A block diagram of the recommended power conditioning and
control subsystem is shown in Fig. ll. An electrochemical storage
system is assumed with suitable charging provisions.

The output from the generator(s) is converted to a nominal bus
voltage through a low voltage DC/DC converter network. As shown,
the failure of a single converter does not mean the failure of

the entire series string if multiple DC/DC converters (with shunt

diodes) can be'psed. The evaluation of the number of DC/DC

4326 - Vol., I 23
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converters and the parallel-series arrangement is a tunction of
converter efficiency, weight, lead requirements, bus voltage
requirements and other parameters.

The current output from the generator(s) is regulated by a
shunt load. Current regulation was chosen due to the large losses
anticipated in a voltage control system and the ability to more
~closely regulate the output of the generator. For reliability and
prevention of overheating, it is considered essential to maintain
a generator current output within close tolerances to the design
point. The shunt load also has provisions for short-circuiting
the generator at start-up until the diodes have opened.

A battery charger is provided for the DC storage subsystem.

The charger will regulate battery charge rate and be controlled
by a current limiter, maximum charge volta;e, temperature and
ground command. The output from the generator not used by the
vehicle load will be used to charge the battery and/or dissipated
in the shunt.

Battery output is converted by a high voltage DC/DC converter.
During peak load requirements, when generator output is less than
load demand, the charger and shunt load are disconnected electrically
and the excess power requirement is obtained from the battery.

The battery converter is activated when the current to the load
becomes equal to the current from the generator as detected by

the current sensors. The output of the battery converter is pro-
portional to the difference between the load and generator current.

The regulated voltage output from the system is provided by
a voltage regulator.

Efficiency of the power conditioning and control system,
including DC/DC conversion is estimated to be nominally 70 percent,
exclusive of storage. Theidesign of the circuitry is relatively
straight forward with the exception of the low voltage DC/DC

converter. The major problem areas are:

4326 - Vol. 1 26




1) Efficient design of the DC/DC converter with minimum
weight

2) The development of a DC/DC converter which can operate
at medium or high tecumperatures (50 to 150° C) with high
efficiency.

3) The establishment of the proper tradeoff between a large
number of DC/DC converters for reliability and redundancy
and the weight penalty incurred through lead losses,

DC/DC converter weight, etc.

12. VEHICLE INTEGRATION

The considerations in tie integration of solar-thermionic
systems into practical vehicles and missions are similar in many
respects to those of integrating photovoltaic systems. A list of
general considerations is given in Table I for illustrative
purposes. The solar-thermionic systems analysis did not consider
the vehicle interactions in detail; however, they must be
considered in definitive flight studies.

Of special concern to solar-thermionic electrical power

e a {11£§ to package the system and the tradcoffs

concerning number of concentrators, system performance and
reliability. Figure 12 illustrates the limitations on concen-
trator diameter imposed by systen efficiency, power output and

solar intensity. Figurel3 illustrates the number of concentrators
required to produce an electrical power output from the system

up to 4000 watts assuming a system efficiency of 13.5 percent and

a distance from the sun of 1 AU.
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